The ability of pilot-scale vertical subsurface flow constructed wetlands (VSCWs) to treat two types of highstrength [400 mg/l of COD or 80 mg/l total nitrogen (TN)] simulated wastewater under greenhouse conditions was studied during an 8-month period. Eighteen CWs units were used: six units were planted with Acorus calamus (A. calamus), another six units were planted with Lythrum salicaria (L. salicaria) and six units were unplanted. Each set of units was operated at hydraulic loading rates of 40 l/d. The treatment performance displayed that average removal rates of chemical oxygen demand (COD), TN, total phosphorous (TP) and total organic carbon (TOC) were 44-66%, 35-63%, 47-76% and 22-40%, respectively. Both species grew well under any high loading treatment. We noted that plant uptake and storage were both important factors responsible for nitrogen removal during the study period. Both planted wetlands improved pollutants removal compared with the unplanted control wetland. L. salicaria produced more shoots and biomass than the A. calamus, which can remove more P nutrients than A. calamus especially for high nitrogen (N) loading treatment. However, A. calamus was always more efficient species that improved nitrogen nutrients plant uptake because of their longer growth period. Our findings suggested that the vertical subsurface flow constructed wetlands could well treat the high-strength wastewater in greenhouse condition. If good capacity of all nutrients removal is considered, A. calamus is more appropriate than L. salicaria particularly under high N loading in the influent.
INTRODUCTION
At present, in China, the large amount of wastewater from the livestock farm is mostly discharged directly into canals and rivers without appropriate treatment, but these wastewaters contain highly concentrated pollutants, including high chemical oxygen demand (COD) and nitrogen (N) contents, and may deteriorate the quality of aquatic environments. 1, 2) There is therefore an urgent need * To whom correspondence should be addressed: The Institute of Wetland Ecology, School of Life Science, Nanjing University, 22 Hankou Road, Nanjing 210093, China. Tel.: +86-25-83594560; Fax: +86-25-83594560; E-mail: anshq@nju.edu.cn to improve the conditions by introducing proper treatment of the wastewater prior to discharge. To lessen the impact, treatment of this type wastewater before discharge has been proposed and further practiced by employing constructed wetlands, for these systems have significant advantages of low implementation costs, and versatile removal mechanisms. [3] [4] [5] Constructed wetlands are known to be particularly efficient in removing COD, and have also successfully been used in temperate countries to treat wastewaters with high concentrations of N. 6, 7) Of constructed wetlands used for this wastewater treatment, most are surface flow systems, only a few belong to subsurface flow types. 8) With rising concerns of sustainable management of biore-source, and more stringent effluent standards, this type wastewater treatment by vertical subsurface flow constructed wetlands (VSCWs) can be a great potential and challenge. However, VSCW subjected to changing of loading level in the influent is poorly understood, especially when used to treat domestic animal breeding wastewater under heavy loads. In this treatment alternative an important issue arises in what and how the VSCW perform under heavy loads, to which available information is very limited. So, we need to design and operate at relative high organic and N loads for purpose of producing effluent that could meet discharged criteria. For improving the wetland treatment performance during a grow season, it becomes increasingly important to examine the response of the system to the different species and influent concentrations.
Different species of wetland plants, including species of Typha angustifolia and Cyperus involucratus, have been used in constructed wetland systems for treatment high-strength wastewater. 9) Acorus calamus (A. calamus) is also widely used and is known to be highly tolerant to various types of wastewater, and Lythrum salicaria (L. salicaria) is a species with aesthetic appearance that can grow very well in a subsurface flow constructed wetland system. Climate and other local conditions influence wastewater characteristics, plant growth and evaporation as well as the removal processes in the constructed wetland, particularly the microbial processes which are expected to be stimulated by the high temperatures. 2) Thus, there is a demand to gain more information about the performance of vertical flow constructed wetlands under high temperature conditions. The aims of this study were to investigate the ability of vertical flow constructed wetland systems to treat high COD or high N wastewater, and to evaluate the performance of systems planted with A. calamus and L. salicaria with unplanted systems. Furthermore, the effect of season on treatment performances was studied in order to get more insight into the capacity of vertical flow systems under greenhouse conditions.
MATERIALS AND METHODS
Characterization of the Pilot-scale Wetlands --The set-up of the pilot-scale wetlands consisted of three types of VSCWs, with A. calamus, L. salicaria and the other unplanted, respectively (Fig. 1) . The wetland frame, 1.00 m (length) × 0.60 m (width) × 0.80 m (height) were made of reinforced cement, and were filled with gravel (nominal mean diameter of 1.20 cm) up to a depth of 0.20 m in the lower layer, and finally with sieved blast furnace granulated slag (0.25 m of nominal mean diameter of 1.50 cm) in the upper layer, which was provided from CHANGQING Iron and Steel Company, Nanjing, China. The gravel and slag had been previously sterilized with a solution of 5% sodium hypochlorite, to ensure that the new microbial colonization occurred during the operation stages. In this study, the slag has been cleaned for many times in order to prevent the creation of high (alkaline) pH values, because this would be incompatible with microorganism growth in the substrate, as well as with the growth of commonly applied A. calamus and L. salicaria. Three types of experimental wetlands were run in parallel under identical conditions for 240 days.
At April 5, 2008 , six units were planted with A. calamus (16.37 ± 1.59 cm tall), and six with L. salicaria (20.68 ± 2.34 cm tall), using 8-12 stems per unit. Before planting, most soil was carefully removed from the roots to avoid clogging of the system. After planting, they were kept flooded for one month with tap water, and then the influent wa- ter was administered to the wetlands. In operation stage, the hydraulic loading rate was 40 l/d. The entire batch volume of the synthetic sewage was applied in a single batch through a round distribution polyvinyl chloride (PVC) pipe of 5 cm internal diameter, which was perforated with holes of 1.5 mm. The PVC pipe was placed on the right of the wetlands surface and in 35 cm distance from the top layer of wetlands. The substrate of the wetlands held 60 l of water (according to the substrate materials net void capacity); therefore the batch volumes of 40 l applied to each wetland with a constant flow rate of 15 l/min were achieving an overall hydraulic retention time (HRT) of 1.5 days. The wetlands were not fed every day, but one time every two weeks. All the treatment including the control was triplicate and totally 18 wetlands were used for this study. The operation and monitoring of the wetlands were conducted between May and December 2008.
For health and safety reasons, as well as for comparison of the parallel experiments, the wetlands were fed with synthetic wastewater, simulating high COD or high N loading and medium (Tables 1 and 2) . Water Sampling and Chemical Analysis --From May, 2008 to December, 2008, influent and effluent water of the pilot-scale VSCWs were sampled approximately every two weeks under normal conditions to evaluate their treatment performances. The sampling time is fixed during the operational periods, and simulated wastewater continuously flowed about 1.5 day in the wetland. Water samples were analyzed for COD, total organic carbon (TOC), total nitrogen (TN) and TP. COD was determined by titrimetric method. Determination of TP were performed using a segmented flow analysis (Automated Chemistry An- alyzer, Brighton, U.K.) and TOC and TN using liquor TOC II (Munich, Germany). All the parameters mentioned above were determined according to the method as described in the standard method for Examination of Water and Wastewater. The physico-chemical water parameters, such as water temperature, redox-potential (Eh), pH, and dissolved oxygen (DO) were measured in situ. DO was assayed using an Orion Dissolved Oxygen Probe (Model 862Aplus, Thermo Orion, Granville, Michigan, U.S.A.). Water Eh was recorded with an Orion 250Aplus ORP Field Kit, and water pH with a water pH with an Orion Portable pH Meter (Model 250Aplus, Thermo Orion, Granville, Michigan, U.S.A.). Plant Growth and Uptake --At the end of the experiment, the number of plants in each unit was counted and five representative A. calamus and three L. salicaria plants from each unit harvested to estimate biomass. The plants were fractionated into belowground (roots and rhizomes) and aboveground (leaves and stems) tissues, and their dry weight measured. Subsamples of the dried plant tissue were homogenized and the contents of N analyzed by a standard Kjeldahl method (National Institute of Agricultural Sciences, 1977). The uptake of N was calculated from the total biomass and the N concentration in the tissues. Statistical Analysis --The treatment efficiency was calculated as the percent removal R for each parameter, which was calculated by R = (1 − C e /C i ) × 100, where C i and C e are the influent and effluent concentrations in mg/l. Mean effluent values of every batch sampling in a month were used to calculated removal rates of monthly average as mass removal rate for each parameter. All statistical analysis were performed using the SPSS software package (SPSS, 2003), including analysis of variance (ANOVA), Bartlett's and Levine's test for homogeneity of variance and normality, and Duncan's multiple range test for differences between means.
RESULTS

Effluent Concentrations and Mass Removal Rates of Pollutants
At high organic loading in the influent, the ef-fluent concentration of COD was significant lower in A. calamus than in L. salicaria and the unplanted systems (Table 1) . However, there were no significant difference between L. salicaria and the unplanted systems (p > 0.05). Mass removal rates of COD were high in all wetlands at high organic loading treatments, the differences in removal efficiencies of COD between the two planted systems were highly significant (p < 0.05). At high N loading, furthermore, COD concentrations of effluent were independent on species ( Table 2) . But significant difference was observed in the effluent concentrations of COD between the planted and the unplanted system (p < 0.05). Meanwhile, the mass removal rates of COD were significantly higher in systems planted with A. calamus compared to the unplanted systems (Tables 1 and 2 ). Effluent concentrations of TN were generally high, and highest in the unplanted systems at high N loading (Table 2). Species affected TN effluent concentration at high N loading, whereas no effect was observed in the planted systems at high organic loading in the influent (p > 0.05). In systems planted with A. calamus generally had significantly higher TN mass removal than the unplanted system and the difference was more obvious at the high N loading treatments. However, no significant difference was detected between in beds with L. salicaria and the unplanted system at high N loading treatments (p > 0.05). For TP, the effluent concentration was significantly higher in planted than in the unplanted systems (p < 0.05). There was no significant effect of species on effluent TP concentrations under any high-strength wastewater in the influent. Multiple comparisons detected significantly higher TP removal rates in the two planted than the unplanted system at high N loading. But no significant difference was observed in removal rates of TP between in beds with A. calamus and the unplanted system at high organic loading (p > 0.05). Effluent concentrations of TOC did not differ between planted and unplanted systems, but concentrations in the planted system were generally higher than that of the unplanted systems with high organic or N loading in the influent (Tables 1 and 2 ). The mass removal of TOC showed a similar pattern to that of TP with weak correlations between species (including the unplanted treatment) and with higher average removal rates in the unplanted systems. But no significant difference was observed among three VSCWs (p > 0.05).
Physico-chemical Variables of VSCWs
Changes in values of the situ measured physicochemical variables of water temperature, pH, Eh and DO are presented in Table 1 and Table 2 . Mean temperature in the influent and within the effluents among the three VSCWs was not significantly different. In contrast, pH values were considerably lower in the outlet water of the three VSCWs than in the inlet water. Outlet pH was significantly affected by plant present or not, and there was a significant difference between the unplanted and the planted wetlands for two types treatments (p < 0.05). Furthermore, DO in effluent was significantly lower in the influent than that of in the effluent at high organic loading treatment (p < 0.05). However, no significant difference in effluent for DO was detected among in the three VSCWs (p > 0.05), whereas at high N loading treatments the same result was observed ( Table 2) . Eh values in effluent were independent on species (including the unplanted treatment), and no effect was observed among the three VSCWs at high organic or N loading treatments (p > 0.05).
Plant Uptake of N
The concentration of N in the plant varied between 2.3 and 2.9% of the dry weight for A. calamus and 1.9 and 2.2% of the dry weight for L. salicaria. There was no significant difference between the N concentrations between the two species at different high loading treatments. The average plant uptakes of N throughout the study period were 1.39 ± 0.28 g/m 2 ·d for A. calamus and 0.14 ± 0.03 g/m 2 ·d for L. salicaria (mean ± S.D.). Comparing the plant uptake with the average mass removal rates of N in the treatment systems, the uptake of N by A. calamus constituted between 6.3% of the mass N removal at high organic loading to 14.4% at high N loading. Because of the short growth period and N content in the tissues of L. salicaria, the plant uptake only constituted 0.3-5.1% of the mass N removal rates in the L. salicaria planted systems.
Time Course of Removal of Pollutants
It was found that the nutrient removal rates fluctuated in each unit during the wetlands operational period (beginning of May up to the end of December) (Figs. 2-5 ). Though A. calamus and L. salicaria showed similarly higher trend COD removal than the unplanted system (Fig. 2a, 2b) , no statistical significant seasonal differences were detected (p > 0.05). Likewise, high fluctuations were observed for TN (Fig. 3a, 3b ) removal in the three VSCWs, high TN removal effects appeared in summer (July-August) and autumn (OctoberNovember) in three VSCWs. However, under any high loading treatments, in winter (December) and in May and June (beginning of study period), the removal rates of TN remained relatively the lowest in all VSCWs. Despite apparently lower TN removal efficiencies in the unplanted system at high organic loading treatments, no statistical significant seasonal variation was detected among three VSCWs (p > 0.05) (Fig. 2a) . Rather, the removal rate of TP was higher in June and July than those in May in the three VSCWs, and then decreased and/or fluctuated over the rest experimental period (Fig. 4a, 4b) . Meanwhile, higher TOC removal effects appeared in August and October in the planted system (Fig. 5a, 5b) . However, the removal rates of TOC remained relatively lower in other months. It was decreased from November to December in all wetlands. Additionally, at high organic loading in the influent, the unplanted system usually showed higher trend TOC removal than those in the planted wetlands during the operational period (Fig. 5a ).
DISCUSSION
In this study, it clearly showed that vertical subsurface flow constructed wetland systems have a good capacity to treat high organic or N loading wastewater in greenhouse condition. Many studies from temperate areas have documented that vertical subsurface flow constructed wetland systems are very efficient in removing biodegradable organic matter as well as able to nitrify ammonium, 5, 10, 11) the temperature of the effluent wastewater ranged between 21 and 30.8 • C during the experiment in their studies. In the present study, we confirmed that this is also true in greenhouse condition. Both species of aquatic macrophyte tested in this study grew well in the gravel-based and slagbased VSCW units when loaded with high-strength simulated domestic wastewater. Especially Lythrum seems to grow well in the domestic wastewater, but Acorus is generally considered a more valuable species than Lythrum for wastewater treatment. At the end of the growing season, Acorus forms short over-wintering leaves that start to re-grow early in the spring. Moreover, Acorus displays efficient use of nitrogen (N) by their uptake and internal cycling. 12) The removal of COD was relative efficient at high organic or N loading treatment and there was no effect of plant species under high N loading treatment. Whereas at high organic loading treatment, the beds with Acorus removed more organic matter than the beds with Lythrum, and as expected this species effect was more pronounced at high organic loading where plants play a greater relative role in the removal of organic matter. The wastewater used in the present study had relatively low concentrations of COD which probably partially because of the higher temperature in greenhouse condition that possess high degradation rates in the wastew- ater treatment. Although the influent wastewater of high-loading were applied, the removal of COD was still efficient in the VSCWs. Other studies comparing planted and unplanted beds have shown no or only little difference in removals of COD between the beds. 13, 14) We also found significant higher removal of COD in beds with Acorus compared to unplanted beds, whereas beds planted with Lythrum did not show a higher removal than unplanted beds at high organic loading treatment. These results suggested that plants can play a significant role in the removal of organic matter but also that the plant effect is usually small and depends on the species. 5) N removal in VSCWs is accomplished primarily by physical settlement, denitrification and plant/microbial uptake. 15, 16) In our study, TN removal efficiency differed significantly between the planted and the unplanted system. Both Acorus and Lythrum showed higher removal rates than the unplanted system at high organic loading treatment. Plant uptake did contribute to the N removal, par-ticularly at the relatively low influent TN concentrations of high organic loading treatment. 16) The N mass removal rates recorded of approx 49% and 46% for Acorus and Lythrum, respectively, are, therefore, probably close to the maximum capacity for N removal in this type of VSCW system. Whereas at high N loading treatment, an average TN removal of 63% in bed with Acorus was significantly higher than 48-49% in bed with Lythrum and the unplanted system. Our results showed that the growth reactions of Acorus depend on the N dose applied. Under field conditions, Acorus benefits and displays vigorous growth in nutrient-rich wetland habitats, while this species does not occur in the nutrient poor habitats. 17) Comparing the plant uptake with the average mass removal rates of N at high N loading treatment, the uptake of N by Acorus usually had higher than that of Lythrum. This could be because of higher roots biomass in Acorus or it could indicate that the Acorus roots provide better conditions for nitrification/denitrification processes. So, the beds with Acorus removed more N than the beds with Lythrum, and as expected this species effect was more pronounced at high N loading where plants play a greater relative role in the removal of nutrients. N processing in the three wetlands was high, but not complete. If a significantly higher removal of N is desired, a solution could be to use a vertical flow system with recirculation which has been shown to give good performance regarding N removal. 5, 18) In the present study we did find statistically significant effects of plants, particularly on N removal, but plants also affected P removal. The higher removal rate of P in the planted systems, particularly the systems planted with Lythrum, affected the effluent P concentrations by growth of plant. Some removal of P occurred in the experiments with higher removals in beds with Lythrum than in beds with Acorus and the greatest difference at high organic loading treatment. Thus, Lythrum play a greater role in the removal of P especially for high organic concentration in the influent. Other studies also show that this species had good capacity for remove P compared to other wetland plant. 19) Chemical adsorption is usually considered the main mechanism for P removal in CWs. 20) We did not quantify the amount of P removed by plant uptake in this study, but we assume that a large fraction of the P that was removed was through binding to the bed substrate. During the monitoring period, the effluent P concentrations fluctuated reflecting the changes in seasons, pH and binding capacity of media. Generally, the effluent phosphorus concentrations of three VSCWs were almost constant and relative low only at the beginning of the operation period (independent of the organic or N influent concentrations). It might also be explained mainly by the higher adsorption capacity, where the slag substrate was fresh and the adsorption sites were free of phosphorus. However, the effluent phosphorus concentrations rose with the operation time. If an efficient and sustainable removal of P is to be achieved in a VSCW system, the best solution is probably to install a separate filter unit with a high P binding capacity material, which can be changed when saturated with P, or to add Al or Fe-based precipitation chemicals to the wastewater. 21, 22) In this study, the bottom layer of the gravel bed could not be described as a wetland cell with noticeable P-adsorption capacity. So, further investigations should be performed about the P-adsorption capacities of slag with other material combination.
In this study, plants did not exert a strong effect on the removal rate of total organic carbon in the VSCWs. The results showed that the unplanted system removed carbon more efficiently than the planted wetlands and it was more obvious at high organic loading treatment. Baptista et al. 23) also suggested that wetlands without plants showed higher total organic carbon removal than those with plants because of the certain functional groups difference between the planted and the unplanted system. Based on mass balance calculations and stoichiometric relationships, indirect observations allowed to assume that influent C/N ratio and organic and N concentration had a slightly effect on the removal of organic carbon matter. However, the influence mechanism is complex, and needed to be studied further.
In conclusions, the wetland species Acorus and Lythrum grow well in gravel and slag based VSCWs fed with high-strength simulated domestic sewage, and thus can potentially be used to enhance the aesthetic appearance and hence the public acceptance of wastewater treatment systems. The treatment systems have efficient removals of COD, TN and TP under any high loading treatment. However, removals of TOC are generally lower in this kind of system implying that vertical subsurface flow CW systems have limited use if organic carbon removal is required. Both planted wetlands improved pollutants removal compared with the unplanted control wetland. The performances in terms of average COD, TN, and TP removal rates obtained in the planted wetlands under different influent condition were in the ranges 52-66%, 41-63% and 64-76% respectively. L. salicaria, which exhibited greater growth, can remove more P nutrients than A. calamus. However, A. calamus always more efficient species that improved N nutrients plant uptake by their longer growth period. On the whole, they are all probably the preferred species based on good performance for high-strength wastewater treatment. In addition, further research is still needed for improving the nutrients removal by the optimal bed design in order to exploit the specific advantages of the two species.
